The aim of this study was to develop a new process for the production of bioactive 3D scaffolds using a clean and environmentally friendly technology. The possibility of preparing composite scaffolds of Bioglass ® and a polymeric blend of starch and poly(L-lactic acid) (SPLA50) was evaluated. Supercritical phase-inversion technique was used to prepare inorganic particles loaded starch-based porous composite matrixes in a onestep process for bone tissue engineering purposes. Due to their osteoconductive properties some glasses and ceramics are interesting materials to be used for bone tissue engineering purposes; however their poor mechanical properties create the need of a polymeric support where the inorganic fraction can be dispersed. Samples impregnated with different concentrations of Bioglass ® (10 and 15% wt/wt polymer) were prepared at 200 bar and 55°C. The presence of Bioglass ® did not affect the porosity or interconnectivity of the polymeric matrixes. Dynamic mechanical analysis has proven that the modulus of the SPLA50 scaffolds increases when glass particles are impregnated within the matrix.
Introduction
Understanding the biological mechanisms behind the processes of regeneration of the living tissues may help the development of nature-inspired materials designed and tailored to mimic the natural systems. Thus the definition of tissue engineering has been changing over the past several years from a material that functioned only as an inert structural support for cell attachment to serving as a more complex and dynamic environment for tissue development [1, 2] .
A wide variety of materials have been used for the preparation of scaffolds from metals to ceramics and polymers. Natural polymers have unique, intrinsic properties that make them appealing to be used in scaffolding, [3] namely the fact that they are in general non-toxic, even in large concentrations, mucoadhesive, biocompatible, and biodegradable [4, 5] . However, they do not present inherent bioactivity. On the other hand, some ceramics and glasses exhibit osteoconductive properties. The major drawback of these materials is the fact that they present poor mechanical properties and a very slow degradability, which does not appear to be very attractive for tissue engineering [6] . Nonetheless, a vast number of manufacturing techniques have been employed in the last years to manufacture three dimensional ceramic scaffolds, with the intention to replicate the architecture of native bone as well as to repair and restore bone function [7] .
To overcome the lack of bioactivity of the polymers and the poor mechanical properties of the ceramics, the preparation of composite matrixes of these two materials is regarded as an interesting approach. Biodegradable composites containing hydroxyapatitebased calcium phosphates (CaP) [8, 9] and Bioglass ® [10] can be used to produce promising scaffolds for bone tissue engineering. A method to evaluate the bioactivity of the materials using simulated body fluid (SBF) was developed by Kokubo et al. [11, 12] . In their studies they conclude that an essential requirement for a scaffold to bond to living bone is the formation of bone-like apatite on its surface. This can be mimicked in a simulated body fluid with ion concentrations close to those of human blood plasma [13] . According to this, the in vivo bone bioactivity of a material can be predicted from the apatite formation on its surface upon immersion in SBF. The main characteristic of this method is that the apatite layer obtained consists of bone-like apatite, more similar to natural bone with a low crystallinity and nano-crystal size. The creation of the layer occurs out in SBF, under mild conditions in which, the ion concentrations, temperature and pH of are adjusted to almost equal to those of human blood plasma. Our group has reported the successful preparation of different composite matrixes from naturalbased polymers with ceramics, using different techniques [14] [15] [16] [17] .
One of the most important stages of tissue engineering is the design and processing of a porous 3D structure, with high porosity, high interconnectivity between the porous and uniform distribution. Techniques using supercritical fluids may be used in the processing of structures for tissue engineering applications [18] . In particular, the supercritical assisted phase-inversion method has shown to be feasible for the preparation of polymer scaffolds with high porosity and interconnected pores [19] . The phase-inversion method involves casting of a polymer solution onto an inert support followed by immersion of the support with the cast film into a bath filled with a non-solvent for the polymer. The contact between the solvent and the non-solvent causes the solution to be phase-separated. Several advantages exist if the nonsolvent used is a supercritical fluid. An important advantage of the use of carbon dioxide is the fact that simply by tuning the processing conditions, i.e. pressure and temperature, one can tailor the final structure of the product. Additionally, when carbon dioxide is used as a non-solvent a subsequent drying step is avoided and the porous structure obtained is a dry product free of any residual solvent.
Carbon dioxide is the most commonly used supercritical fluid as it has mild critical parameters, it is environmentally benign, non-toxic, non-flammable, non-corrosive, ready available and inexpensive. Its elimination and the recovery of final products are easier (no residue is left and a dry solid product is easily obtained, just by controlling the pressure), leading to processes with less energy consumption [20] .
The use of carbon dioxide as a non-solvent for phase separation has been successfully reported in the literature for several synthetic polymers [21] [22] [23] [24] [25] [26] . Recently we have proposed the use of this technique for the preparation of scaffolds from natural sources [27] . A starch-based blend (SPLA50) was successfully processed by supercritical assisted phase-inversion method. Starch-based polymers have been purposed for a wide range of bone-related therapy applications, such as tissue engineering scaffolds [28] [29] [30] or bone cements [31, 32] . The natural origin, together with interesting mechanical properties and biocompatibility supports the potential of starch-based materials in the biomedical field.
To our knowledge the use of supercritical phase-inversion technique for the preparation of composite matrixes of a polymer and a ceramic material, for tissue engineering purposes, is for the first time reported in this work. In this study, the possibility of preparing in a one-step process a porous matrix loaded with a bioactive agent is evaluated. This methodology could open other possibilities of developing substrates for tissue engineering or biomedical applications, where processing of biomaterials and incorporation of bioactive agents are combined using supercritical fluid technologies.
Experimental procedure

Materials
A commercial blend of starch and poly-L-lactic acid containing 50 wt.% of both components (SPLA50) was obtained from Novamont. Bioglass® 45S5 (BG) micro-particles with a composition of 45% SiO 2 , 24.5% CaO, 24.5% Na 2 O and 6% P 2 O 5 was supplied by US Biomaterials Corp. Chloroform, (CAS 67-68-5, 99.9% purity) was purchased from Vaz Pereira. Carbon dioxide, (99.998 mol%) was supplied by Air Liquide. All chemicals were used with no further purification.
Supercritical assisted phase-inversion process
The phase-inversion experiments were carried out as described in a previous work.
19 SPLA50 was mixed with Bioglass® glass and dissolved in chloroform. This procedure was performed separately for each of the ratios of BG and polymer analysed: 10 or 15% wt/wt (Bioglass®: polymer). In each experiment ca. 2 ml of the polymer solution was loaded in a stainless steel cap with 2 cm diameter, which was placed inside the high pressure vessel. The vessel was heated in by means of an electric thin band heater (OGDEN) connected to a temperature controller, that maintained temperature within ±1°C (TC). Carbon dioxide was pumped into the vessel using high pressure piston pump (P-200A Thar Technologies) until the operational pressure was attained. The pressure inside the vessel was measured with a pressure transducer (P). The system was closed for 45 min to allow the occurrence of phase separation. Afterwards the system was flushed for another 45 min, with a stream of carbon dioxide at very low flow rate (5 g/min), in order to ensure complete drying of the membranes. The flow was regulated by a flow meter (FM -Siemens, SITRANS FC MASS FLO MASS2100). The outflow was regulated by a back pressure valve (Go, Inc, USA).
Dynamic mechanical analysis (DMA)
The viscoelastic measurements were performed using a TRI-TEC8000B DMA from Triton Technology (UK), equipped with the compressive mode. The measurements were carried out at room temperature. Samples were cut in cylindrical shapes with about 5 mm diameter and 2 mm thickness. The geometry of the samples was then measured and the samples were clamped in the DMA apparatus. After, the DMA spectra were obtained during a frequency scan between 0.1 and 50 Hz. The experiments were performed under constant strain amplitude (30 μm). The results presented are the average of at least 3 measurements with a standard deviation error b9%.
In vitro bioactivity experiments
Standard bioactivity tests were performed [33] . Samples were immersed in Simulated Body Fluid (SBF) at 37°C and pH = 7.45 during 0, 1, 3, 7 and 14 days. The SBF has a composition similar to the human blood plasma and has been reported several times for use in in vitro bioactivity tests. After immersion samples were immediately cleaned with distilled water and dried.
2.5. Surface analysis 2.5.1. Scanning Electron Microscopy -SEM Samples of the polymeric matrixes prepared were observed by a Leica Cambridge S360 Scanning Electron Microscope. The matrixes were fixed by mutual conductive adhesive tape on aluminium stubs and covered with gold palladium using a sputter coater. After immersion in SBF the samples were again analysed in order to check the appearance of a calcium-phosphate layer on the surface of the matrixes.
Fourier Transformed Infra Red analysis
FTIR analysis was used to demonstrate the formation of an apatite layer on the surface of the structures. Spectra were recorded at 32 scans with a resolution of 2 cm − 1 (Shimadzu -IR Prestige 21).
X-ray diffraction analysis
Thin-film X-ray diffraction (TF-XRD, Philips X'Pert MPD) was used to characterize the crystalline/amorphous nature of the films and to identify any crystalline phases present after immersion in SBF (results were compared to non-immersed controls). The data collection was performed by 2q scan method with 1°as incident beam angle using CuKa X-ray line and a scan speed of 0.05°/min in 2q.
Solution analysis
The evolution of Ca and P ion concentrations of the SBF solutions was determined as a function of the immersion time. The ion concentrations were measured by inductively coupled plasma emission (ICP) spectroscopy (ICP-OES, JY 70 plus, Jobin Yvon).
Results and discussion
Synthesis of SPLA50 and Bioglass ® (BG) loaded SPLA50 scaffolds
This study intends to evaluate the possibility of preparing Bioglass®-loaded SPLA50 scaffolds with potential application in tissue engineering using supercritical fluid technology. Scaffolds with two different BG concentrations were prepared, namely 10 and 15% wt/wt (BG:polymer). Samples were prepared at 55°C and 200 bar and the morphology of the matrixes was evaluated by SEM analysis (Fig. 1) .
The synthesis of SPLA50 scaffolds loaded with bioglass leads to structures with similar morphologies to the unloaded scaffolds. Therefore, the impregnation of bioglass does not seem to produce significant changes in the morphology of the polymeric structures. The SPLA50 matrixes obtained by supercritical assisted phase inversion are bicontinuous structures characterized by a rough surface where micro and macropores are visible. Such particular microstructure enhances the transport properties within the structure and could also encourage cell attachment and proliferation. The matrixes are also characterized by a highly interconnected porous structure.
Nonetheless similar morphologies that obtained the mechanical properties of the scaffolds vary when adding Bioglass ® to the blend. E′ and E″, the storage and the loss modulus, respectively, were measured using dynamic mechanical analysis (DMA). E′ (the elastic component) is related with the stiffness of the material, while E″ (the viscous component) is associated with the dissipation of energy, as heat, due to internal friction at the molecular level. The loss factor, tan δ, is defined as the ratio E″/E′. Fig. 2 shows the isothermal DMA response of the various samples as a function of frequency in terms of storage modulus (E′), and loss factor (tan δ), respectively. It was observed that an increase in the storage modulus was obtained when BG particles are present. This would be expected as the bioglass particles reinforced the scaffolds.
A similar trend for SPLA50 and SPLA50:BG was observed for tan δ. This indicates that the scaffolds reinforced with bioglass will have similar damping characteristics of the pure SPLA50 scaffolds.
Bioactivity evaluation -surface analysis
The bioactive character of the SPLA50-based scaffolds produced was tested in vitro by analysing the apatite formation at the material surface after exposure to SBF. SEM micrographs of the immersed scaffolds of SPLA50:BG 10 and 15 wt.% are shown in Figs. 3 and 4 , respectively. Two different magnifications are shown.
Besides changing the mechanical properties of the scaffold, the dispersion of BG in the polymer matrix promotes the formation of an apatite like coating in contact with SBF. In the lower magnification SEM images we can have an idea of the extension of the calciumphosphate layer formed. Immediately after one day of immersion it is possible to observe a CaP layer that starts to be formed around the BG particles dispersed in the polymeric matrix. The formation of the apatite layer occurs on the surroundings of Bioglass® particles hence, it is important that glass particles are exposed to the fluid environment at various stages during in vitro degradation of the composite. The high porosity and interconnectivity of the SPLA50 scaffolds prepared by supercritical fluid assisted phase inversion guarantees that the fluid is able to penetrate the matrix. Studies on the swelling degree of this polymeric matrix, reported in a previous paper, 27 give an indication on the water uptake capability of the SPLA50 scaffold which is~90% after 7 days of immersion. Water uptake will also help in the dissolution of the ions from the BG particles that will induce the CaP deposition, enhancing the calcification process of the matrix upon immersion in SBF.
After seven days of immersion in SBF the SPLA50:BG samples prepared with 15 wt.% BG have a denser film of CaP than the scaffold prepared with 10 wt.% BG. Finally, after 14 days the sample containing a higher concentration of BG has a compact layer of CaP formed on the surface of the pores. At higher magnification, it is possible to distinguish the typical cauliflower morphology of bone-like apatite layer where needle like crystals are agglomerated. It is important to note that even for the conditions more favourable for the deposition of apatite, the ceramic fraction did not compromise the interconnectivity of the scaffolds (see SEM images with lower magnification). This is an important aspect, as one must warrant the transfer of nutrients to the cells and to remove the wastes from the cells, maintaining at the same time the ability of cell to migrate.
The morphological analysis combined with the energy dispersive spectroscopy (EDS) analysis confirms the presence of a CaP layer (Fig. 5) .
The analysis of the EDS spectra of the coated samples indicates that indeed the ionic composition of the layer consists mainly on Ca and P. Although no quantitative data can be taken from the EDS spectra obtained we can conclude from the relative intensity of the Ca and P peaks that a thicker layer of CaP is formed when 15 wt.% of BG is impregnated in the polymer matrix.
The CaP layer was further characterized by Fourrier Transformed Infra Red (FTIR) spectroscopy. Fig. 6 presents an example of the nonimmersed sample and two composite samples after immersion for 14 days.
After CaP deposition the characteristic band of the P-O stretching appears. The spectrum exhibits the characteristic peak of the phosphate in the region 1190-1020 cm − 1 (ν 3 band) and two other peaks at 606 cm − 1 and 565 cm − 1 (ν 4 band). Regarding the absorption peak of the carbonate groups it was also detected at 878 cm
The XRD pattern of the scaffolds immersed in SBF for the different time periods is shown in Fig. 7.1 and 7.2 .
The formation of a partially crystalline HA layer was confirmed by XRD analysis. In addition to the diffraction peaks at 2θ = 16.7°and 19.2°, which are characteristic of the polymer matrix (PLLA), the main diffraction peak characteristic of hydroxyapatite, at 2θ = 32°( contribution of the (211), (112) and (300) planes of apatite) can be observed. This peak appears immediately after one day of immersion and becomes more intense for longer immersion periods as a denser layer of HA is formed. The peak 2θ = 22.9°((111) diffraction peak) is also characteristic of the CaP layer formed. The intensity of this peak, which should be 10% of the (211), indicates that a partially crystalline structure is formed. The results obtained by both FTIR and XRD allow us to conclude that the CaP formed upon immersion in SBF exhibits the typical features of the carbonated apatite found in bone. For both calcium and phosphate the concentration in solution decreases with increasing time exposure for the samples synthesized with 10 and 15 wt.% BG. This behaviour indicates that calcium and phosphorous are being deposited at the surface of the scaffold. Regarding the SPLA50 scaffold and for all the immersion periods no changes in the ion concentration were observed indicating that there was no uptake of either Ca or P. These samples could not in any case induce the formation of an apatite layer, as these materials are non- bioactive and present a bioinert behaviour when immersed in SBF solution.
Bioactivity evaluation -solution analysis
The mechanism for the formation of bone-like apatite on polymeric surfaces was proposed by Kokubo et al. [34, 35] . They suggest that the CaO-SiO 2 glass particles dispersed in the scaffold are used as a nucleation-inducing agent. According to this mechanism, silicate ions released from the glass particles are attached on the polymer surface and Si-OH groups in the silicate ions induce the apatite nucleation on the surface. At the same time, the release of calcium ions from glass particles increases the ionic activity product of SBF with respect to apatite and accelerates the apatite nucleation. Finally, the apatite nuclei formed on the surface grow spontaneously by consuming Ca and P ions from the fluid.
Conclusions
In this work, a composite scaffold of Bioglass ® and starch-based polymer with applications in tissue engineering was processed using the supercritical immersion precipitation technique. Supercritical fluid technology is a clean and environmentally friendly technology, capable of processing a wide range of materials in a single step process eliminating the need for further drying steps. This work demonstrated that biodegradable composites could be processed into porous structures using such methodology. The in vitro bioactivity studies performed on the synthesized scaffolds have proven that the presence of Bioglass ® can induce the formation of an apatite layer after 14 days of immersion. The conclusions taken from the morphological analysis are supported by the chemical analysis of the surfaces, namely by EDS, FTIR and XRD. Furthermore, the analysis of the SBF solution shows that the Ca and P ion concentrations are decreasing as the samples are immersed for longer periods of time, indicating that these ions are being consumed as the apatite layer is formed. The preparation of impregnated scaffolds for tissue engineering purposes using supercritical assisted phase inversion could be adapted to prepare porous structures using other natural-based polymeric systems and a combination of different bioactive compounds.
